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ABSTRACT. Objective. Bone represents a biologi-
cally active long-term storage site for lead, and bone lead
data on teenagers are limited. Therefore, this study was
designed to identify the distribution of bone lead in a
teenage population and to explore the environmental and
demographic factors associated with bone lead concen-
trations in young, nonoccupationally exposed subjects.

Design. A cross-sectional study of bone lead levels in
high school students.

Participants. A total of 168 students at a suburban
Boston high school. Subjects (90 boys, 78 girls) ranged in
age from 13.5 to 19 years and included 40% nonwhite
minorities. Of the 168 subjects, 45 lived in homes con-
structed before 1960. None of the participants reported a
history of lead poisoning.

Outcome Measures. Tibial bone lead concentrations
were measured in vivo for 60 minutes using K x-ray
fluorescence. Lead exposure information was obtained
by self-administered questionnaire.

Results. Point estimates of bone lead levels ranged
from 27.15 to 14.23 mg lead/g bone mineral (mg/g), (mean,
4.0 mg/g; standard deviation, 4.4 mg/g). The reported mea-
surement uncertainties accompanying each of the point
estimates ranged from 2.56 to 9.01 mg/g (mean, 3.9 mg/g;
standard deviation, 1.0 mg/g). Bone lead levels were not
associated with the demographic factors of age, sex, or
race. Additionally, current home conditions (housing
age, traffic level) were not predictive of bone lead levels,
even though these factors were predictive of in-home
lead concentrations.

Conclusions. These results demonstrate that although
bone lead levels are measurable in this age group, the
common predictors of blood and bone lead concentra-
tions are not explanatory for bone lead levels. Pediatrics
1997;100:365–370; lead, bone, environmental health, ado-
lescents, environmental exposure, epidemiology.

ABBREVIATIONS. XRF, x-ray fluorescence; SD, standard devia-
tion.

Lead is a ubiquitous and persistent environmen-
tal contaminant. Although the introduction of
lead into the environment has decreased dra-

matically, lead continues to be present in detectable
quantities in both the environment and our bodies.
Lead is found in most biological tissues including
blood, teeth, bone, and hair.1,2 These biological mark-

ers have been used to assess both recent and chronic
lead exposure, because the half-life of lead varies
among tissues. Recent exposure to lead can be de-
tected by changes in blood lead concentration; the
half-life of lead in blood is estimated to be ;35 days.3
Chronic exposure to lead results in long-term storage
of lead in bone; in adults, 95% of the body burden of
lead is in bone.4,5 The biological half-life of lead in the
bones of adults ranges from 10 to 40 years.6,7

Until recently, measurement of bone lead concen-
trations was limited to cadavers and biopsy tissue.
With the development of x-ray fluorescence (XRF)
technology, the concentration of lead in bone now
can be measured in living subjects. XRF has been
used to measure lead in the bones of both occupa-
tionally exposed and environmentally exposed
groups.8–15 In studies of adults, bone lead levels have
been significantly associated with age and integrated
measures of blood lead levels over time.8,10–12 In a
large cross-sectional study of environmentally ex-
posed subjects, 11 to 70 years of age, bone lead levels
were significantly associated with age, decade of
housing construction, and smoking.10

Teenagers represent a unique and understudied
population for lead exposure assessment. Because
most teenagers in the United States have grown up
after the removal of lead from gasoline and paint and
few have been occupationally exposed to lead, they
represent a distinctive population in which to ex-
plore the impact of residual environmental lead lev-
els on bone lead concentrations.

Two types of XRF instruments have been used for
in vivo bone lead measurement in children: L-XRF
and K-XRF.15,11 L-XRF uses an x-ray generator and
lower penetrating energies. By measuring lead pri-
marily in subperiosteal surface bone, it has been
postulated that L-XRF measurements reflect lead in a
fairly mobilizable compartment of bone.16 However,
there are some concerns about the validity of this
technique.17 The K-XRF technique, which is used by
our group and others,8–11 derives an estimate of lead
from the full thickness of bone, allowing for the
estimation of the total body burden of lead. Because
of concerns about the sensitivity of the K-XRF
method, few investigations of bone lead levels have
been conducted among teenage subjects.1,10,11,18 In
previous work, we demonstrated that by increasing
the sensitivity of the bone lead scanner and doubling
the sampling time, detectable bone lead levels could
be measured among subjects 18 to 21 years of age.11

Based on the ability to measure bone lead concentra-
tions in young adults, we used this technology to
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measure bone lead concentrations in an even
younger population: high school students.

MATERIALS AND METHODS
Subjects were recruited from classes at Randolph Junior/Senior

High School in Randolph, MA, a suburban Boston community of
30 000 residents. Before volunteering for the study, students
watched a short video about the project and received an informa-
tion packet to review with their parents. Participation in the bone
lead study involved completing a 12-page home characteristic
survey, bone lead measurement, and completing another ques-
tionnaire on personal habits and diet during the 60-minute bone
lead measurement. All study protocols and questionnaires were
approved by the Harvard School of Public Health Human Subjects
Committee.

Subjects were asked to complete the two questionnaires during
the course of the study. The first, the Home History Survey,
obtained information about current and former housing charac-
teristics, basic demographics, and lead exposure history. This
questionnaire was distributed in class and was designed to be
completed by the teenage respondent with the assistance of her/
his parents. The survey has been demonstrated to predict in-home
dust and soil lead levels in this community.19 The second ques-
tionnaire, the Activity Survey, was designed for this study to
obtain information on personal habits that may contribute to lead
exposure such as work experience and smoking. This question-
naire was filled out during the bone lead measurement.

The bone lead scanner operates on the principle of K-XRF and
recently has been redesigned to improve the sensitivity of bone
lead measurement, thereby allowing for bone lead measurement
in nonoccupationally exposed younger individuals.11,20 The tech-
nical specifications and validation data are described in detail
elsewhere.11,20 Briefly, the instrument uses a [109]Cd g-ray source of
activity 1.11 GBq and a high-purity germanium detector in a
back-scatter geometry.20 g and x-ray signals are shaped and digi-
tized and then acquired by a multichannel analyzer board in a
personal computer. At the completion of the measurement time,
the data are automatically stored for analysis.

The effective radiation dose to the subject during an in vivo
K-XRF measurement is very low and can be compared with nat-
ural background radiation.21 The effective dose from a single
K-XRF measurement of tibia is 0.2% and 0.1% of the average
effective dose from a dental and chest x-ray, respectively. Similar
dosimetry investigations of our apparatus have demonstrated
even lower exposures, because the source strength is approxi-
mately half the strength of other bone lead scanners (2.2 vs 1.08
GBq). For our bone lead scanner, the estimated dose for a 60-
minute measurement of a 15-year-old subject is 158 mrem.

Bone lead measurement occurred in a specially equipped room
at the high school. During the appointment, the subject’s height
and weight were measured by the technician, the bone lead scan-
ning procedure was explained in detail, and bone lead concentra-
tion was measured. For bone lead measurement, subjects were
seated in a lead-free plastic resin chair, and the lower leg was
restrained with Velcro straps to minimize movement during mea-
surement. Bone lead measurements were taken from the midshaft
of the left tibia for 60 minutes. The collimator was positioned
perpendicular to and in the middle of the anterior tibial surface. If
necessary, the bone lead scanner was paused to allow subject
movement. During the sample collection time, subjects completed
questionnaires, did homework, and listened to music. Technicians
were present at all times during the measurement to answer
questions.

In the [109]Cd K-XRF technique, lead K x-rays are normalized to
the elastic scatter peak; the elastic scatter peak is primarily attrib-
utable to elements of bone mineral rather than to elements of
human soft tissue.22 Normalization renders the accuracy of mea-
surement relatively insensitive to variations in bone shape, size,
and density; to overlying skin thickness; and to minor subject
movement.22 The precision of the measurement varies from person
to person and depends primarily on the thickness of overlying
tissue and the mass of bone mineral sampled.

The lead K x-ray peaks were extracted from the spectrum using
the nonlinear least-square fitting technique based on the Mar-
quadt23 algorithm, with special fitting functions developed by the
Birmingham University Group.22 The fitting software generates
the K x-ray counts to elastic scattering ratio for each of the K series

x-rays. The final lead concentration was calculated using the
means for the a1 and b1 peaks weighted by the inverse of their
respective variances. The contributions of the different K x-rays to
overall precision are discussed elsewhere.22 Fig 1 presents the
calibration curves used for in vivo bone lead measurement.

An estimate of measurement uncertainty accompanies each
bone lead measurement made by K-XRF (for example, a tibia lead
measurement may read 6.2 6 3.5 mg/g bone mineral). The mea-
surement uncertainty is derived by a goodness-of-fit calculation of
the scatter in the XRF spectrum and represents an estimate of the
standard deviation (SD) of multiple measurements. The fitting
algorithm requires subtracting a fitted background curve from the
actual data collected. Because of the statistical nature of the count-
ing procedure, it is possible, especially for very low lead concen-
trations, that the value determined by subtracting the fitted back-
ground curve from the observed data is ,0. This results in a
negative value for the measured concentration. These values rep-
resent the best unbiased estimate of an individual’s bone lead
level.

Nine calibration standards ranging from 0.30 to 114 mg/g were
prepared from plaster of paris, using known quantities of lead.
These standards were used to create a calibration curve for the
study. Five of the calibration standards used were of concentra-
tions ,25 mg/g, the anticipated concentration range for these
subjects. The 5 mg/g standard was measured at least three times
per week during the data collection period to evaluate drift in the
calibration curve. No observable drift was identified during the 4
months of the study.

Statistical analyses, including descriptive statistics, two-sample
tests, and analysis of variance, were performed to investigate the
determinants of bone lead level in this teenage population. All
statistical analyses were conducted using STATA 3.1.24

RESULTS
Approximately 500 students were approached in

their classes about participating in the study. A total
of 168 students (90 boys, 78 girls) had their bone lead
measured during March 1995 through June 1995.
Because of the hour-long measurement time and the
6-hour school day, this sample size represents the
maximum number of participants possible during
the study period. An additional 30 students com-
pleted questionnaires but could not be scheduled for
bone lead measurement.

The study participants were demographically sim-
ilar to the school as a whole. Subjects ranged in age
from 13.4 to 18.9 years, with an average age of 16.4
years. The study population represents a diverse
racial/ethnic mix. Approximately 27% of the popu-
lation identified themselves as Black (African-Amer-
ican, Cape Verdean, Caribbean, or Haitian); 16%
identified themselves as Asian; and 60% responded
as being White. Because of multiple responses, per-
centages exceed 100. These values correspond well to
the entire school’s 1995 demographic statistics for
grades 9 through 12 of 25% Black, 13% Asian, 55%
White, and 7% Other race. There was no apparent
difference in demographic characteristics between
participants and other students at the school. Table 1
presents the demographic and environmental factors
for the study population.

Questionnaires were used to obtain information on
factors that may contribute to lead exposure such as
housing age, traffic level, lead piping, and lead paint
removal. Individuals were also asked about family
history of lead poisoning. A large portion of the
sample had lived in the community for the majority
of their lives. A total of 31% of subjects sampled had
lived in their house for their entire lives; an addi-
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tional 36% had lived in their current residence .7
years. The housing stock in the community is di-
verse, ranging from pre-1900 to 1990s. A total of 27%
reported living in homes constructed before 1960.
Questions about lead piping and lead paint were
noninformative. None of the subjects reported a his-
tory of lead poisoning, and only one subject reported
that a family member had been lead poisoned.

The bone lead levels in this sample ranged from
27.15 to 14.23 mg lead/g bone mineral (mg/g), with
a mean concentration of 4.0 mg/g and an SD of 4.4
mg/g. Bone lead levels were ,1 mg/g for 24% of the
sample; 8% of the population had bone lead levels
.10 mg/g. Fig 2 presents the distribution of bone
lead levels in this population. The reported measure-
ment uncertainties accompanying each of the point
estimates ranged from 2.56 to 9.01 mg/g (mean, 3.85
mg/g; SD, 1.02 mg/g).

Statistical analyses were performed to investigate
the association between demographic variables and
bone lead levels. No associations were observed for
age, race, sex, income level, or home ownership in
this population. Similar analyses were used to eval-
uate the influence of lead surrogate variables (hous-
ing age and traffic level) on bone lead levels; bone
lead levels were not significantly different between
levels of these predictors.

The reported measurement uncertainty was signif-
icantly associated with predictors identified previ-
ously for adults.25 In t tests and correlation analyses,

measurement uncertainty was significantly higher in
girls (P 5 .0118), shorter subjects (P 5 .0002), and
heavier subjects (P 5 .0103). Younger subjects had
slightly higher measurement uncertainty (P 5 .09).
Measurement uncertainty was independent of bone
lead concentration. In multiple regression modeling
of measurement uncertainty, white race, height,
weight, and age explained 30% of the variance (P ,
.0001).

Measurement uncertainty represented a major
portion of the population variance. The components
of variance in the population were evaluated using
the following measurement error model: s2

t 5 s2
e 1

s2
b, where s2

t 5 population variance (estimated by
the observed variance), s2

e 5 error variance (estimat-
ed by the square of average measurement uncertain-
ty), and s2

b 5 between-subject variance. This model
assumed that the bone lead measurement and the
measurement error were independent. The between-
subject variance for this population was calculated to
be (4.4 mg/g)2 2 (3.85 mg/g)2 or (2.13 mg/g),2 indi-
cating that measurement error is a major contributor
to the variance in this population.

DISCUSSION
This study represents the largest sample of bone

lead measurements for teenagers reported to date.
The bone lead scanning technique was designed to
consider the potentially low levels of bone lead and
low bone mineralization of young subjects. How-

Fig 1. K-XRF calibration curves with error bars for the Ka1 amplitude:elastic amplitude ratio and the Kb1 amplitude:elastic amplitude
ratio used for in vivo bone lead measurement.
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ever, unlike in the studies of adults10,26–28 and in our
previous study of young adults,11 bone lead levels
were not associated with age in this population. Ad-
ditionally, bone lead concentration was not associ-
ated with any of the demographic variables col-
lected, including sex and race. Without demographic
factors influencing bone lead levels, it was antici-
pated that the influence of environmental surrogate
variables, such as housing age and street traffic lev-
els, would be easier to detect. However, bone lead
levels were not associated with either housing age or
street traffic levels, although both were predictive of
in-home lead levels in 34 of the subjects’ homes.
Environmental sampling data and questionnaire val-
idation are discussed in detail elsewhere.19

These data are consistent with bone lead levels
reported in other teenage and young adult popula-
tions, both in vivo and in vitro, over the past 15
years. These studies are summarized in Table 2.
Based on these results, there does not appear to be a
discernible trend in bone lead levels in this age group
over time. However, these bone lead studies are not
directly comparable and do not represent the full
spectrum of environmental lead exposure in teenag-
ers. Noticeably, few teenage subjects with high lead
exposure risks have been measured for bone lead.
The two in vitro studies29,30 analyzed cadaveric limbs

using atomic absorption spectroscopy. Atomic ab-
sorption spectroscopy is regarded as the standard for
lead analysis; however, it is a destructive analysis
that limits its use for measuring lead in the bone of
living subjects. Additionally, the bone lead levels of
child cadavers may not be representative of healthy
living children. The current study was conducted in
a suburban community, with only one subject report-
ing a family history of lead poisoning; suburban
children are generally anticipated to have lower lead
exposure than urban children.31 The Bellinger et al18

study, which measured the bone lead levels of 67 of
the original Needleman32 cohort, has the lowest re-
ported average bone lead value of all the reported
studies, even though this population is predomi-
nantly urban children. However, the Bellinger et al
study also has the highest variance and the greatest
average measurement uncertainty of all the studies
presented. Although these combined studies may
not capture the full range of lead exposure for young
adults, they do provide insight into the range of
expected bone lead levels of teenagers living in the
United States.

Although this study did not demonstrate an asso-
ciation with demographic or environmental factors
and bone lead levels in teenagers, this does not in-
dicate that demographic and environmental factors
do not contribute to long-term storage of lead in
bones. This study is limited by the low lead levels in
this population and the reliance on surrogates to
evaluate environmental lead exposure. Most of the
studies to date have involved the measurement of
bone lead levels among occupationally exposed
groups and of older subjects.8–10,12–14 In the Norma-
tive Aging Study, a large population-based cohort of
older men (average age, 66.6 years), Hu et al13 re-
ported tibial bone lead levels ranging from ,1 to 96
mg/g (mean, 21.6 mg/g; SD, 12.1 mg/g). These levels
are much higher than those observed in the current
study, because the men in this population have more
years of environmental and occupational exposure
contributing to body lead burden. In a study of
women 20 to 36 years of age, Hu et al14 reported bone
lead levels ranging from 23 to 13 mg/g (mean, 4.5
mg/g; SD, 4.0 mg/g); these levels are similar to the
values observed in the current investigation. In a
cross-sectional study of female and male subjects 11
to 70 years of age, Kosnett et al10 reported bone lead
levels of 212 to 69 mg/g; bone lead levels for the 14
subjects ,20 years of age were not statistically dif-
ferent from zero.

Power calculations indicate that this study had
sufficient power to detect a difference of 1.9 to 2.5
mg/g bone lead for potential bone lead predictors
(eg, sex, race, and decade of home construction);
however, we were unable to detect such a difference.
Currently, there are no comprehensive data on the
biological relevance of bone lead concentrations in
teens to determine whether a difference of 1 to 2
mg/g is of biological importance. Needleman et al33

recently reported a provocative study suggesting
that 11-year-olds with higher bone lead levels were
more likely to be identified as antisocial and delin-
quent than those with lower bone lead levels. Al-

TABLE 1. Demographic and Environmental Characteristics of
Study Population Participants at a Suburban Boston High School

Characteristic Frequency Percentage (%)

Sample size 168 100
Sex

Boys 90 53.6
Girls 78 46.4

Race*
African-American 22 13
Asian 27 16
Cape Verdean 6 3.6
Haitian 14 8.3
Hispanic 2 1.2
Native American 1 1.8
White 101 60
Other race 6 3.6

Annual income†
,$15 000 3 2
$15 000–$29 999 10 6.5
$30 000–$49 999 34 22.2
$50 000–$75 000 48 31.4
.$75 000 24 15.7
Don’t know 34 22.2

Home ownership
Owner 144 87.3
Renter 21 12.7

Housing age
pre-1940 15 9
1940–1949 8 4.9
1950–1959 22 13.3
1960–1969 24 14.6
1970–1979 38 23
post-1979 26 15.8
Don’t know 32 19.4

Street traffic level
Light traffic (residential) 128 76.2
Moderate traffic 30 17.8
Heavy traffic 10 6

* Total percentages for racial categories exceed 100% because sub-
jects indicated .1 category.
† Only nonmissing responses included.
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though bone lead was measured using a K-XRF de-
vice similar to the one in the current study, the
analytical technique used to calculate bone lead con-
centration was different.34 The method used by the
Needleman group for estimating bone lead concen-
trations used only the Kb peaks, which account for
,20% of the lead emission spectrum.22,34 Use of this
method may result in values that are not directly
comparable with the values reported here and else-
where.

This current study suggests that bone lead levels in
this suburban population are sufficiently low and
uniform that no particular demographic or environ-
mental factor influences bone lead concentrations.
Alternatively, because turnover of bone is rapid dur-
ing adolescence, the impact of environmental and
demographic factors may be noticeable only after
maximum height and bone mass and the accumula-
tion of more lead are reached. Given the relatively
slow integration rates of bone lead reported, ranging
from 0.4 to 1.5 mg Pb/g bone/year observed in cross-
sectional studies,8,10,11,27,28 the differences in bone lead
may be detectable only among subjects older than
this age group.

Because of the lack of reported childhood lead
exposure, these data are insufficient to test the hy-
pothesis of whether early childhood lead exposure
contributes to adult bone lead levels, as suggested by
clinical observations,35 or whether the dynamics of
bone turnover in adolescence result in a dilution of

early childhood lead exposures, as suggested by toxi-
cokinetic modelers7,36 in models based on animal
data for bone-seeking elements such as lead. Longi-
tudinal studies of populations with well-docu-
mented childhood lead exposure will be the only
way to address this question adequately.

Environmental lead exposure was measured by
surrogate measures, such as housing age and street
traffic level. Although these measures were demon-
strated to be predictive of in-home lead levels in this
community,19 they are not measures of actual expo-
sure levels. Environmental data were not available
for a majority of the study participants and, there-
fore, were not used in bone lead analysis. Addition-
ally, other sources of lead besides home-based
sources may be contributing to lead exposure in
these teenagers; thus, relying solely on home expo-
sures may underestimate the subjects’ actual lead
exposure.

In this study, the population variance was influ-
enced significantly by measurement error. Future
studies should use a variety of strategies to reduce
the influence of measurement error. One strategy
would be to conduct a study in a more highly ex-
posed population and to focus the recruitment strat-
egy on characteristics that reduce the measurement
uncertainty. Among these teenage subjects, partici-
pants who were older, taller, and heavier had the
lowest reported measurement uncertainty. To reduce
measurement error, study protocols may be altered

Fig 2. Distribution of bone lead concentrations
in 168 suburban Boston teenagers.

TABLE 2. Summary of Bone Lead Studies of Teenagers and Young Adults

Study Sample Size Age Range
(in Years)

Average Bone Lead
Concentration (mg/g)

SD

In vitro studies
Barry, 19815 5 11–16 4.8* 1.9
Wittmers et al, 198830 13 13–20 2.3 3.6

In vivo studies
Bellinger et al, 199418 67 18–22 1.6 4.9
Hoppin et al, 199511 23 18–21 3.0 2.3
Current study 168 13–19 4.0 4.4

* Corrected for wet weight.
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either to increase the sampling time or to increase the
number of measurements made on an individual. In
previous work, we showed that by doubling the
sampling time, the measurement uncertainty reduces
by the =2, as expected by counting theory.11 How-
ever, it is unlikely that a subject would be willing to
be sampled for a period of .60 minutes. Because
lead integrates into bone over the course of years, it
would be feasible to collect multiple measurements
on the same individual over a short period of time
and use the average to obtain a more stable estimate
of the individual actual bone lead measurement.

Bone lead measurement in teenagers represents an
innovative approach to evaluate the long-term im-
pact of environmental lead exposure. Although we
were unable to demonstrate specific environmental
contributions to bone lead levels in these suburban
teens, we were able to indicate that exposure to lead
is still occurring in this population. Future work
among slightly older and more highly exposed pop-
ulations may be warranted to ascertain the contribu-
tion of environmental lead exposures to bone lead
levels in young populations.
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